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Heterogeneous catalysis is of major importance to 
most chemical and fuel technologies. Little is known, 
however, about surface reactions at the molecular level 
because the tools for such investigations have only be- 
come recently available. During the past 2 decades, 
modern surface science’ has provided an array of 
techniques to characterize the surface region and, con- 
sequently, the ability to study molecular adsorption and 
reaction on a molecular level. The ordering of surface 
atoms in ideal cases can be ascertained with precision 
by using low-energy electron diffraction (LEED), and 
their oxidation states can be probed by using X-ray 
photoelectron spectroscopy (XPS). The surface com- 
position can be determined in most cases with a sen- 
sitivity better than 1% with Auger spectroscopy (AES) 
and XPS. Other techniques such as ultraviolet pho- 
toelectron spectroscopy (UPS), high-resolution electron 
energy loss spectroscopy (HREELS), secondary ion 
mass spectrometry (SIMS), ion scattering spectroscopy 
(ISS), and molecular scattering permit study of ad- 
sorption and reaction on atomically clean surfaces. The 
data obtained by these sensitive techniques provide an 
important link to the understanding of reaction mech- 
anisms and the relationship between the reactivity of 
a surface, its structure, and its composition. 

Most surface techniques require an ultrahigh vacuum 
environment and generally are best utilized in studying 
low-surface materials such as single crystals with areas 
of N 1 cm2. Correlating information between such an 
idealized system and high-area, supported catalysts at 
atmospheric conditions understandably can be criti- 
cized. Indeed, if metal single crystals are to be used as 
catalyst models, it is essential to demonstrate the re- 
lationship of their kinetic parameters to high-area, 
supported catalysts at realistic reaction conditions. The 
measurement of these parameters for single crystals and 
their relationship to working catalysts are essential 
features of our research program. 

These studies use the specialized apparatus2 shown 
in Figure 1. The custom-built catalytic reactor, con- 
tiguous to the surface analysis system, employs a re- 
traction bellows that supports the metal crystal. The 
samples can be translated in situ from the reactor to  
the surface analysis chamber. Typically, the single 
crystals are spotwelded to short, high-purity leads and 
resistively heated. High-purity gases are used to mea- 
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sure kinetics a t  up to -2 atm; gas chromatography 
provides a convenient and sensitive technique for 
product analysis. Auger spectroscopy is used to docu- 
ment surface composition prior to and subsequent to  
reaction rate measurements. 

This apparatus has been used to study the reactions 
in eq 1-6, over single crystals of nickel, ruthenium, and 
rhodium. These reactions exemplify two major types 
methanation 

hydrogenation 

Hz 
cyclopropane - CH3CH2CH3 (3) 

hydrogenolysis 

CH3CH3 5 2CH4 (4) 
Hz 

CH3CH2CH2CH3 - 
CH4 + CH3CH3 + CH3CH2CH2 ( 5 )  

(6)  cyclopropane - CH, + CH3CH3 

of catalytic pr~gresses,~ namely, those that are sensitive 
to catalyst particle morphological changes and those 
that are not. Reactions 1-3 are structure insensitive, 
whereas reactions 4-6 are sensitive ones. 

Structure-Insensitive Reactions over Clean 
Single-Crystal Surfaces 

Methanation4 (reaction 1) has a critical role in the 
production of synthetic natural gas from hydrogen-de- 
ficient materials. In addition, this reaction is an obvious 
starting point in studies of fuel and chemical synthesis, 
in general, from a carbon source. Historically this re- 
action was considered to be structure insensitive4 in 
that, generally, changes in catalyst morphology produce, 
at most, small changes in the catalytic activity. Cata- 
lytic activity is usually expressed in terms of specific 
activity, i.e., the catalytic rate normalized to the number 
of exposed metal sites. Specific activity is expressed 
as a turnover frequency or molecules of product pro- 
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Figure 1. An ultrahigh vacuum apparatus for studying single- 
crystal catalysis before and after operation a t  atmospheric pressure 
in a catalytic reactor. 
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Figure 2. (a) A comparison of the rate of methane synthesis over 
single-crystal nickel catalysts and supported Ni/A1203 catalysts 
a t  120-torr total reactant pressure. (b) Atomic conformation of 
a Ni(100) surface. (c) Atomic conformation of a Ni(ll1) surface. 

duced per metal atom site per second. 
For methanation on nickel it has been possible to 

correlate kinetic parameters with those found for sup- 
ported, high-area ~atalysts.~ The data in the Arrhenius 
plot of Figure 2 represent steady-state, specific reaction 
rates. The measurements were conducted over a period 
of months, using several crystals with a reproducibility 
of the specific rates within 5 % . The data in Figure 2a 
are for a Ni(100) surface (Figure 2b) and for another 
low-index crystal plane, Ni(111)6 (Figure 212). The sim- 
ilarity between the close-packed (111) and the more 
open (100) crystal plane of Ni is evident in both the 
value of the specific rates and activation energy (103 
kJ mol). In the temperature range of 450-700 K, 
methane production rates vary by almost 5 orders of 
magnitude. It should be pointed out that such mea- 
surements are difficult, if not impossible, with high-area 
catalysts due to heat and mass transfer limitations. 

These single-crystal results are compared in Figure 
2 with three sets of data taken from ref 7 for nickel 

(5) D. W. Goodman, R. D. Kel1ey;T. E. Madey, and J. T. Yates, Jr., 

(6) R. D. Kelley and D. W. Goodman, Surf. Sci., 123, L743 (1982). 
J.  Catal., 63, 226 (1980). 
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Figure 3. A comparison of AES carbon signals on a Ni(100) 
crystal with those from single-crystal graphite and nickel carbide. 
(a) Following 1000 s of heating a t  700 K in 24 torr of CO. (b) 
Single-crystal graphite. (c) Following 1000 s of heating at 600 
K in 24 torr of CO. (d) Nickel carbide. 

supported on alumina, a high-surface-area catalyst. 
This comparison shows extraordinary similarities in 
kinetic data taken under nearly identical conditions. 
Thus, for the H2/C0 reaction over nickel, there is no 
significant variation in the specific reaction rates nor 
the activation energy as the catalyst changes from small 
metal particles to bulk single crystals. These data 
provide convincing evidence that the methanation re- 
action rate is insensitive to the surface structure of the 
nickel catalyst. 

For reactions insensitive to structural effects, the 
surface characteristics of the single-crystal catalyst 
should simulate the active metal of a supported catalyst 
in the same reactant environment. This proves to be 
most fortunate since the advantages of single crystals 
are retained along with the relevance of the measure- 
ments. Moreover the use of single crystals allows the 
assessment of the crystallographic dependence of 
structure-sensitive reactions. 

For the methanation reaction, surface characteriza- 
tion subsequent to reaction has provided data ad- 
dressing the reaction mechanism. Auger spectroscopic 
analysis of an active nickel catalyst following reaction 
at atmospheric pressure5 has been accomplished by 
transferring the crystal to the surface analysis chamber. 
Auger analysis after such a procedure shows a carbo- 
naceous species present on the surface at a concentra- 
tion equivalent to approximately 10% of a monolayer 
(a monolayer, ML, in this context is defined as one atom 
per one substrate metal atom). The Auger spectrum 
shown in Figure 3c indicates this carbon to be a 
“carbidic” form with a line shape distinctive from that 
of graphitic carbon5t8 shown in Figure 3b. This car- 
bidic-type carbon can be readily removed by heating 
the crystal to 600 K in H,, with the product formed 
being methane. A carbon species with these same 
characteristics can be produced by heating the Ni 
crystal in CO in the absence of hydrogen. Figure 3 
shows the AES carbon signals measured after heating 

(7) M. A. Vannice, J. Catal., 44, 152 (1976). 
(8) J. E. Houston, D. E. Peebles, and D. W. Goodman, J.  Vac. Sci. 

Technol., in press. 
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0.5- - 
a Ni(100) crystal in several torrs of CO at 600 K (Figure 
3c) and at 700 K (Figure 3a). These carbon peaks are 
compared with those observed with single-crystal gra- 
phite (Figure 3b) and with bulk nickel carbide (Figure 
3d). On the basis of this comparison, the active carbon 
form has been designated “carbidic” and the inactive 
“graphitic”. The deposition of an active carbon and the 
absence of oxygen on the nickel surface following 
heating in pure CO is consistent with a well-known 
disproportionation reaction, the Boudouard reaction 

2co + c + coz 
which has been studied on supported Ni catalystsgJO 
and on Ni films.ll Studies, such as those described 
here, showed that methane could be catalytically syn- 
thesized over Ni by an active (carbidic) carbon forma- 
tion via the Boudouard reaction and its subsequent 
hydrogenation to methane. However, to demonstrate 
that this surface carbon route is the major reaction 
pathway, kinetic measurements of both carbon forma- 
tion from CO and its removal by H2 were carried out.12 

In the first set of measurementsI2 a Ni(100) sample 
was cleaned by using standard  procedure^.^ The rate 
of carbon buildup on the surface was measured at  
various temperatures as follows: (1) surface cleanliness 
was established by AES, (2) the sample was then re- 
tracted into the reaction chamber and exposed to sev- 
eral torrs of CO for various times at a given tempera- 
ture, (3) after evacuation the sample was transferred 
to the analysis chamber, and (4) the AES spectra of C 
and Ni were measured. Two features of this study are 
noteworthy: (a) Two kinds of carbon forms are 
evident-a carbidic type that occurs at temperatures 
<650 K and a graphite type at  temperature >650 K. 
The carbide form saturates at 0.5 monolayer. (b) The 
carbon formation data from CO disproportionating in- 
dicates a rate equivalent to that observed for methane 
formation in a H2/C0 mixture. Therefore, the surface 
carbon route to product is sufficiently rapid to account 
for methane product with the assumption that kinetic 
limitations are not imposed by the hydrogenation of this 
surface carbon. 

A second set of experiments12 further supported the 
surface carbon route to methane. In these experiments 
a Ni(100) surface was precarbided by exposure to CO 
and then treated with hydrogen in the reaction chamber 
for various times. Steps 3 and 4 above were then fol- 
lowed to measure the carbide level. This study showed 
that the rate of carbon removal in hydrogen compared 
favorably to the carbide formation rate in CO and to 
the overall methanation rate in H2/C0 mixtures. Thus 
in a H2/C0 atmosphere the reaction rate is determined 
by a delicate balance of the carbon formation and re- 
moval steps, and neither of these is rate determining 
in the usual sense. 

According to this mechanism, if the surface coverage 
of atomic hydrogen is close to saturation, it is predicted 
that (a) further increases in hydrogen pressure would 
have almost no effect on the methane rate and (b) a low 
surface carbon level will result. This is the condition 
believed to exist under the reaction conditions of Figure 

(9) R. R. Wentrek, B. J. Wood, and H. Wise, J. Catal., 43,363 (1976). 
(IO) P. Biloen, J. N. Helle, and W. M. H. Sactler, J.  Catal., 58, 95 
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(12) D. W. Goodman, R. D. Kelley, T. E. Madey, and J. M. White, J .  

(1979). 

Catal., 64, 479 (1980). 
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Figure 4. Methane production rate at  625 K over a Ni(100) 
catalyst as a function of surface carbon coverage at various reaction 
conditions. 

2a. However, if reaction conditions are altered such that 
the surface hydrogen concentration decreases (e.g., low 
H2 pressure and/or high temperature), then the mech- 
anism demands a correlation of decreasing methane 
yield with increasing surface carbide. This correlation 
between the rate of production of methane and the 
steady-state surface carbide concentration holds very 
well as evidenced by the data in Figure 4.6 Here all 
reaction rate data measured over a Ni(100) catalyst at 
625 K lie on a smooth curve when plotted against the 
measured steady-state carbide level, regardless of 
H2 /C0  ratio or total pressure. 

Thus, the proposed reaction mechanism involving the 
dissociation of CO and the subsequent hydrogenation 
of the resulting carbon species (cads) accounts quite 
satisfactorily for the effect of pressure on the metha- 
nation rate, for the variation in the measured surface 
carbon level as reaction parameters are changed, and 
for the formation at a characteristic temperature and 
pressure conditions of a catalyst-deactivating graphitic 
carbon. Recent studied3 using isotopically labeled CO 
have shown that the CO dissociation step is essentially 
unidirectional in that the rate of Cads and Oads recom- 
bination is insignificantly slow compared to the Cads 
hydrogenation rate. 

Methanation over Ni, over Ru,6,14 and over Fe15 shows 
remarkable similarities in many critical parameters, 
suggesting that the three metals behave essentially the 
same catalytically. This conclusion finds support in 
recent studies with nickel, ruthenium, and cobalt 
high-surface-area, supported catalysta9JoJ6J7 and with 
studies using Ni, Co, and Ru films in UHV.18 

The close correspondence between the catalytic 
studies using single metal crystals and results for 
high-area, supported catalysts attests to the structure 
insensitivity of the methanation reaction. Other reac- 
tions are believed to be structure insensitive and should 
be amenable to relevant modeling with metal single- 
crystal catalysts. Two such reactions have been studied 
recently: ethylene hydr~genation’~ (reaction 2) and 

(13) D. M. Goodman and J. T. Yates, J. Catal., 82, 255 (1983). 
(14) D. W. Goodman and J. M. White, Surf. Sei., 90, 201 (1979). 
(15) H. J. Krebs, H. P. Bonzel, and G. Gafner, Surf. Sci., 88, 269 

(16) J. A. Rabo, A. P. Risch, and M. L. Poutsma, J. Catal., 53, 295 

(17) (a) J. G. Ekerdt and A. T. Bell, J. Catal., 58, 179 (1979); (b) P. 

(18) J. W. A. Sachtler, J. M. Kool, and V. Ponec, J. Catal., 56, 284 
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Figure 5. (a) Methane production from ethane over a Ni(100) 
catalyst a t  a total reactant pressure of 100 torr, Hz/CzHe = 100. 
(b) Methane production from ethane over a Ni(ll1) catalyst at  
a total reactant pressure of 100 torr, H2/C2Hs = 100. 

cyclopropane hydrogenationB (reaction 3). The details 
of these studies will not be discussed in this account; 
however, these data, as those for methanation, show 
similar correlations between the model systems and the 
supported, high-area catalysts. 

Structure-Sensitive Reactions over Clean 
Single-Crystal Surfaces 

The activity of metal catalysts toward alkane hy- 
drogenolysis (reactions 4-6) generally depends markedly 
on the metal particle size and upon the nature of the 
meta1.20*21 These reactions therefore have been de- 
scribed as structure sensitive. Although there is a 
concensus in the literature regarding the relationship 
of particle size to activity, no such concensus exists in 
detailing the origins of the effect. Recent work by 
Martin22 suggests that different activities of different 
crystal planes toward a given reaction could be re- 
sponsible for the observed rate attenuation with in- 
creasing particle size. For example, if (111) orientations 
become dominant as the metal particles become larger 
and if these crystal planes exhibited a lower activity 
toward hydrogenolysis, then the activity of the catalyst 
would fall with particle growth. Martin further spec- 
ulated that the lower activity of the (111) facet relative 
to other facets could be intrinsic or could arise from 
preferential poisoning of the (111) crystal plane by 
reactants or products. These studies emphasized the 
need for kinetic measurements over single metal cata- 
lysts. Such studies have been carried out for the hy- 
drogenolysis of ethane,23 n-butane,% and cyclopropane.28 
These results confirm that the (111) surface is indeed 
significantly less active toward hydrogenolysis than the 

(19) D. W. Goodman, manuscript in preparation. 
(20) J. T. Carter, J. A. Cusumano, and J. H. Sinfelt, J.  Phys. Chem., 

(21) D. J. C. Yates and J. H. Sinfelt, J. Catal., 8, 348 (1967). 
(22) G. A. Martin, J. Catal., 60, 452 (1979). 
(23) D. W. Goodman, Surf. Sci., 123, L679 (1982). 
(24) D. W. Goodman, Proceedings of the 8th International Congress 

70, 2257 (1966). 

on Catalysis, 1984. 

(100) surface. This reduced activity has been shown to 
be intrinsic and not due to selective poisoning of the 
(111) surface by carbon. 

Figure 5a shows the specific reaction rate for methane 
formation from ethane over a Ni(100) catalyst. A t  a 
given temperature the rate of methane production over 
an initially clean crystal was constant with no apparent 
induction period. The carbon level during reaction 
remained constant at a submonolayer coverage. The 
methane frequency turnover during a fixed time (typ- 
ically 1000 s) was determined with use of the Ni(100) 
atom density of 1.62 X 1015 atoms/cm2. 

Figure 5b shows the kinetic data for ethane hydro- 
genolysis over a Ni(ll1) catalyst. As observed for the 
(100) catalyst, the carbon level during reaction remained 
constant at submonolayer coverages. The specific rate 
was determined with use of the Ni(ll1) atom density 
of 1.88 X 1015 atoms/cm2. It is evident that the activity 
of the (111) surface toward ethane hydrogenolysis is 
considerably less than that observed for the (100) sur- 
face as suggested by Martin.22 The kinetic results for 
the Ni(ll1) catalyst agree favorably with the data of 
Martin22 for Ni/Si02 catalysts reduced at high tem- 
perature with a resulting larger particle size. Such se- 
verely fired catalysts are expected to contain metal 
crystallites exposing predominantly (111) faces.25 

The origin of the lower activity associated with the 
(111) surface compared with the (100) is not presently 
understood. We can speculate that electronic differ- 
ences, which most certainly exist, are responsible. An 
additional contribution could be the spatial distribution 
of the high-coordination bonding sites,23 those on the 
(111) surface being more favorable for stabilization of 
C2 fragments. The result of this stabilization is that the 
(111) surface is less effective in cleaving carbon-carbon, 
an obvious crucial step in hydrogenolysis. 

Although the chemistry of these observations is not 
well-understood, it is clear that these kinds of studies 
are necessary in detailing the origins of this most in- 
triguing aspect of catalysis by metals. 

Reactions over Chemically Modified Surfaces 
Electronegative Modifiers. One particularly 

promising extension of the previously discussed work 
is surface modification by additives and their influence 
on reaction kinetics. Current ultrahigh vacuum surface 
techniques permit experiments to be carried out with 
a level of atomic characterization precluded using 
classical catalytic methods. Examples are recent studies 
into the nature of poisoning by sulfur of the catalytic 
activity of nickel toward methanation of C026 and 
C02,27 h y d r o g e n o l y s i ~ , ~ ~ ~ ~ ~  and hydr~genation.'~ 

Previous ~ o r k ~ ~ * ~ ~  using LEED, UPS, and other sur- 
face techniques has shown that sulfur is chemisorbed 
on the Ni(100) surface in an ordered sequence. The 
sulfur forms a p(2 X 2) structure (Figure 6a) at 0.25 
monolayer and a c(2 X 2) structure (Figure 6b) at 0.5 
monolayer, which corresponds to a saturation coverage. 

(25) J. E. A. Clark and J. J. Reeney, Adu. Catal., 25, 125 (1976). 
(26) D. W. Goodman and M. Kiskinova, Surf. Sci., 105, L265 (1981). 
(27) D. W. Peebles, D. W. Goodman, and J. M. White, J .  Phys. Chem., 

(28) D. W. Goodman, J.  Vac. Sci. Technol., in press. 
(29) D. W. Goodman, Appl .  Surf. Sci., in press. 
(30) H. D. Hagstrum and G. E. Becker, J. Chem. Phys., 54, 1015 

(31) G. B. Fisher, Surf. Sci., 62, 31 (1977). 

87, 4378 (1983). 

(1971); Phys. Reo. Lett.,  22, 1054 (1969). 
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Figure 6. Methanation rate as a function of sulfur and phos- 
phorus coverage on a Ni(100) catalyst. Pressure = 120 torr, H*/CO 
= 411, reaction temperature = 600 K. 

This well-behaved system provides an excellent model 
for studying poisoning of nickel by sulfur. The ordered 
LEED patterns allow sulfur coverage determination by 
AES by providing calibration points. Kinetic studies26 
have been carried out for several reactions as a function 
of sulfur coverage over Ni(100) and Ni(ll1) surfaces. 
The sulfur levels were established by exposure of the 
sample to H2S at  300 K followed by heating to 600 K. 
The surface coverage of sulfur was determined by 
measuring the S152/Ni&18 AES peak height ratio. 

For the methanation reaction the sulfided surface26 
shows behavior remarkably similar to results for the 
clean surface at considerably reduced hydrogen partial 
pressure. For clean Ni(100),5 a departure from Ar- 
rhenius linearity is observed at  -700 K. Associated 
with the negative deviation of this plot is a rise in the 
surface carbon level that continues until the carbon 
level reaches 0.5 ML, the saturation level. This devi- 
ation, or rollover, of the Arrhenius plot has been in- 
terpreted5 as reflecting the departure of the surface 
concentration of atomic hydrogen from a saturation or 
critical coverage. For a sulfur surface coverage of 4%, 
the reaction rate at identical conditions departs simi- 
larly from linearity at -600 K,% some 100 degrees lower 
reaction temperature. Here, too, an increase in surface 
carbon level is associated with this deviation from lin- 
earity. This behavior indicates that the sulfur is very 
effective in reducing the steady-state surface atomic 
hydrogen coverage that results in an attenuation of the 
rate of surface carbon hydrogenation. The effectiveness 
of sulfur in poisoning both H2 dissociation as well as the 
total atomic hydrogen coverage has been measured 
directly by using thermal programmed desorption 
(TPD). These studies26 reveal that both H, sticking 
coefficients, as well as the capacity of the Ni( 100) sur- 
face for atomic hydrogen, fall dramatically upon the 
addition of small amounts of sulfur. 

The kinetics and the TPD studies show that the 
poisoning effect of sulfur is very nonlinear. Figure 6c 
shows this nonlinear relationship between the sulfur 
coverage and the methanation rate at 600 K. A rapid 

drop is seen for the catalytic activity at low sulfur 
coverages. The poisoning effect quickly maximizes and 
no further reduction in reaction rate is found at sulfur 
levels exceeding 0.2 monolayer. An identical reduction 
of methanation activity for supported Ni/A1203 has 
been observed by Rostrup-Nielson and Pedersen for 
sulfur p o i s ~ n i n g . ~ ~  These authors as well observed a 
nonlinear effect of sulfur on the reaction rate. Likewise, 
other workers33 have shown a similar reduction in 
steady-state methanation activity in the presence of 
sulfur on supported nickel. Apparently sulfur bonded 
in the p(2 X 2) configuration sufficiently deactivates the 
nickel surface for methanation that further addition of 
sulfur produces no reaction rate attenuation. The 
unoccupied fourfold nickel sites remaining at a sulfur 
coverage of 0.25 monolayer are effectively poisoned for 
carbon formation and carbon hydrogenation catalysis. 
The initial change in the reaction rate poisoning in 
Figure 6c suggests that 10 or more equivalent nickel 
sites are deactivated by one sulfur atom. There are two 
possible causes for this effect: (a) a long-range elec- 
tronic effect (ligand effect) or (b) an ensemble effect, 
the requirement that a certain number or conformation 
of surface atoms are necessary for a reaction to occur. 
Experimentally these two possibilities can be distin- 
guished. If long-range electronic effects are most im- 
portant, then the reaction rate is expected to be a 
function of the relative electronegativity of the poison. 
If indeed a 10-nickel atom ensemble is required for 
methanation, then changing the electronic character of 
the poison should produce little change in the reaction 
rate attenuation. Substituting phosphorus for sulfur 
in a similar set of e x p e r i m e n t ~ ~ ~ , ~ ~  results in a marked 
change in the magnitude of poisoning at low coverages 
as indicated in Figure 6c. Phosphorus, because of its 
less electronegative character, poisons only the four 
nearest-neighbor metal atom sites. These results sup- 
port the conclusion that long-range electronic effects 
are playing a major role in the deactivation process. 

Similar nonlinear poisoning of nickel by sulfur has 
now been seen for other catalytic reactions, including 
cyclopropane hydrogenolysis,28 ethylene hydrogena- 
tion,lg and COz methanati~n.~' The data also suggest 
that the dominant sulfur poisoning mechanism is 
electronic and extends over distances larger than the 
sulfur atomic radius. 

Chemisorption s t ~ d i e s ~ ~ ~ ~ ~ ~ ~ ~  of H2 and CO on a C, N, 
S, P, and C1 precovered Ni(100) surface support the 
conclusion drawn above. For H2 and CO chemisorption, 
a correspondence exists between the relative electro- 
negativity of the preadsorbed atom and the inhibition 
of sticking coefficients and the capacity of the surface 
for adsorption. At  this point little theoretical work has 
been undertaken to address directly the predicted 
magnitude of the near-surface electronic perturbations 
by impurity atoms. Work by Grimley and others37 has 
suggested that atom-atom interactions through several 
lattice spacings should occur, although these studies did 

(32) J. R. Rostrup-Nielsen and K. Pedersen, J. Catal., 59, 395 (1979). 
(33) R. A. Dalla-Betta, A. G. Piken, and M. Shelef, J .  Catal., 40, 173 

(34) D. W. Goodman and M. Kiskinova, Appl .  Surf. Sci., submitted 
(1975). 

.~ 
for publication. 

(35) M. Kiskanova and D. W. Goodman, Surf. Sci., 108, 64 (1981). 
(36) M. Kiskanova and D. W. Goodman, Surf. Sci., 109, L555 (1981). 
(37) (a) T. B. Grimley and M. Torrini, J.  Phys. C, 8, 868 (1973); (b) 

E. Einstein and J. R. Schrieffer, Phys. Reu. B: Solid State, 7,3629 (19731. 



Vol. 17, 1984 Catalysis over Metal Single Crystals 199 

g 

i I , 
e :  .02 .04 .06 .08 .10 

1 I 1 ,  

POTASSIUM COVERAGE (ML) 

Figure 7. The relative initial rate of reactive carbon formation 
from CO disproportionation as a function of potassium coverage. 
Pco = 24 torr, T = 500 K. 

not specifically address the effects of sulfur. Calcula- 
tions expressly addressing the surface electronic per- 
turbation by sulfur have recently been reported.38 

Electropositive Modifiers. The addition of elec- 
tron-donor compounds such as potassium is known to 
increase the activity, the resistance to poisoning, as well 
as the selectivity of metallic catalysts toward various 
reactions.39 In the hydrogenation of CO over iron 
catalysts, it is essential that a certain amount of po- 
tassium compound be present on the catalyst.39 This 
promoter increases the CO conversion and shifts the 
selectivity toward the more useful long-chain hydro- 
carbons and toward olefins. Although the result of 
adding such promoters is recognized, the mechanism 
of their action is not well-understood. 

Alkali adatoms on a transition metal surface are 
known to exist in a partially ionic state, donating a large 
fraction of their valence electron to the metal, resulting 
in a work function decrease.@ This additional electron 
density on the transition-metal surface atoms has been 
shown to be a major factor in explaining the role of 
alkali adatoms in altering the chemisorptive bonding 
of adsorbed molecules such as N?l or C042 and in 
promoting catalytic activity in ammonia synthesis.43 As 
has been shown in this account, the role of electroneg- 
ative adatoms (S, P) in poisoning Ni(100) methanation 
activity can be ascribed, to a large extent, to an elec- 
tronic effect. Thus, one might expect an electropositive 
adatom such as potassium to have the opposite effect 
and to increase nickel's methanation activity. A recent 
study40 has shown that this is not the case although 
certain steps in the reaction mechanism are strongly 
accelerated by the presence of potassium. 

In a manner identical with that used for the clean 
Ni(100) surface,12 the rate of carbide or reactive carbon 
formation via CO disproportionation (2CO - Cads + 
Cod was measured for the clean and potassium-covered 
surfaces by observing the growth in carbide AES with 
time in CO, starting from a carbon-free surface. Po- 

(38) P. Feibelman, Appl. Surf. Sci., in press. 
(39) G. A. Martin, "Metal-Support and Metal-Additive Effects in 

Catalysis", Imelik, Waccache, Condurier, Praliaud, Meriaudeau, Gallezot, 
G. A. Martin, and Vedrine, Ed., Elsevier, Amsterdam, 1982, p 315, and 
references therein. 
(40) C. T. Campbell and D. W. Goodman, Surf. Sci., 123,413 (1982). 
(41) S. Anderson and U. Jostell, Surf. Sci., 46, 625 (1974). 
(42) M. Kiskanova, Surface Sci., 111, 584 (1981). 
(43) G. Ertl, Catal. Reu.-Sci. Eng., 21, 201 (1980). 

tassium markedly increases the rate of CO dissociation. 
The increase of the initial rate of carbide buildup at 500 
K with potassium coverage is shown in Figure 7. Of 
particular significance is the reduction of the activation 
energy of reactive carbon formation from -23 kcal 
mol-l for the clean Ni(100) surface to -10 kcal mol-l 
for a 10% surface coverage of potassium. 

Kinetic measurements of methanation over a Ni(100) 
catalyst containing well-controlled submonolayer 
quantities of potassium adatoms show a decrease in the 
steady-state rate under a variety of reaction conditions. 
The presence of potassium did not alter the apparent 
activation energy associated with the kinetics. The 
potassium did, however, change the steady-state carbide 
coverage, which increased from 10% of a monolayer for 
clean Ni(100) to 30% of a monolayer for a potassium 
coverage of 10% of a monolayer. No apparent change 
was observed in the carbon AES line shape in the 
presence of potassium. 

Adsorbed potassium caused a marked increase in the 
steady-state rate and selectivity of Ni(100) for higher 
hydrocarbon synthesis. The steady-state rate of con- 
version of CO into higher hydrocarbons on the potas- 
sium-dosed surface approached that of CO conversion 
into methane at low temperatures ( 6 0 0  K) but was 
only a small percentage of methane production at 600 
K. At all temperatures studied, the overall rate of 
higher hydrocarbon production was faster on the po- 
tassium-dosed surface, so that potassium may be con- 
sidered a true promoter with respect to this reaction, 
Fischer-Tropsch synthesis. 

The effects of potassium upon the kinetics of CO 
hydrogenation on this model single-crystal Ni( 100) 
catalyst are to (1) decrease the rate of methane for- 
mation and (2) increase the rate of higher hydrocarbon 
production. These same effects have been reported for 
high-surface-area, supported nickel catalysts. This 
agreement between bulk, single-crystal nickel and 
supported nickel indicates that the major mechanism 
by which potassium additives alter catalytic activity and 
selectivity is not related to the support material but that 
it is rather a consequence of direct K-Ni interactions. 

Potassium adatoms, then, cause a very large increase 
in the rate of the CO disproportionation reaction and 
a decrease in its activation energy for low carbon cov- 
erages. These effects can be explained in terms of an 
electronic ligand effect, whereby the electropositive 
potassium adatom denotes extra electron density to the 
nickel surface atoms, which in turn donate electron 
density to the adsorbed CO molecule. This increases 
the extent of r-backbonding in the metal-CO complex, 
resulting in an increased metal-C0 bond strength and 
a decrease in C-0 bond strength. This model satis- 
factorily explains the decrease in the activation energy 
for carbide buildup brought about by potassium. 

In spite of this increase in the rate of CO dissociation 
or carbide buildup, the overall rate of methanation 
decreases and the activation energy is unchanged in the 
presence of potassium. This indicates that another step 
in the methanation sequence, either hydrogen adsorp- 
tion or hydrogenation but not CO dissociation, is rate 
limiting for methane production under these conditions. 

The influence of adsorbed potassium upon the syn- 
thesis of higher hydrocarbons is consistent with results 
on supported catalysts. For these reactions, it is likely 
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that carbon chain growth is rate limiting. Thus, the 
observed effect of potassium to increase the steady-state 
carbide coverage can be related to the increase in supply 
of reactants for chain growth. That is, the more carbon 
present on the surface, the greater the chances for re- 
action events leading to C-C bond formation. This 
satisfactorily explains the observation that the activity 
for higher hydrocarbon production increases upon 
dosing with potassium. This is also consistent with the 
observation on clean Ni(100) that conditions leading to 
higher equilibrium carbide coverages shifts the product 
distribution toward higher hydrocarbons. 

Conclusions and Outlook 
This account has dealt with a portion of studies now 

being carried out integrating surface science techniques 
with kinetics at  realistic reaction pressures.'J5 These 
studies are offering a new perspective to the funda- 
mental understanding of heterogeneous catalysis. 
These new techniques cannot, by any means, displace 

the traditional methods employed but serve rather to 
complement them. Their power lies mainly with the 
ability to tie the model surface studies to parallel 
studies on high-area, supported catalysts. Thus far 
these comparisons, as we have seen, are most com- 
forting. The future success of the surface science ap- 
proach to catalysis will be determined by the ability of 
the workers in the area to fully appreciate the wealth 
of Catalytic information that has accumulated over the 
years in the literature, to understand the current re- 
search and problems of catalysis, and to attack those 
problems most suitable for study using modeling tech- 
niques. This, coupled with a close interplay between 
the surface science community and the traditional 
catalytic community, promises that the future for fun- 
damental research in the catalytic area will be both 
fruitful and exciting. 
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